The cooling system, including the thermal grease, heatsinks, plays an important role in the power converters for its reliable operation. While in the long-term operation situation, the cooling system will degrade with different kinds of failure mechanism of the components and finally result in the damage to the power converters. In this paper, the method was proposed to monitor the thermal network parameters of the cooling system using the cooling curves of junction temperature. By establishing the relationship between the RC parameters of Cauer network and time constants of cooling curves, the thermal parameters about cooling system can be obtained. Experimental tests are performed to verify the accuracy of proposed method. Results indicate the degradation state of the cooling system can be evaluated by monitoring the variation of thermal network parameters of the cooling system.
I. INTRODUCTION
During operation, the power converter generates a large amount of heat. If the heat is not dissipated in time, the internal temperature of the converter will increase dramatically, which will eventually cause damage to the converter. It has been reported that most device damage in the converter is due to high temperature [1] . Thus, the cooling system of the converter is critical. Three major elements of the cooling system are the heatsinks, the cooling method, and the thermal grease. The heatsink plays important role to dissipate heat from hot surface to the cool ambient [2] . The cooling method is applied to enhance the heat dissipation and this paper employs the forced air cooling [3] . Thermal grease, as a kind of thermal interface material, is widely used in power devices due to its excellent heat conductivity and the fluidity [4] . Thermal grease is installed between the power device and the heat sink to displace the micro air voids in the two unsmoothed surfaces so that the heat dissipation is strengthened and thermal resistance of the interface is greatly decreased [4] .
The degradation of the cooling system will impact the cooling operation. Certain degree of degradation on the cooling system has appeared in the failed converter of the wind turbine [5] . If the cooling system is severely degraded, the heat The associate editor coordinating the review of this manuscript and approving it for publication was Bora Onat. dissipation will be slowed and the normal operation of the power converter will be affected. What's more, the lack of the reliability data of the cooling system gives rise to a problem for manufacturer to design proper cooling system components [4] . Monitoring of the cooling system related thermal parameter of IGBT module would be of great benefit to the cooling system.
For the thermal grease, current off-line methods to evaluate the degradation are commonly categorized into two kinds. One is to analyze by visual observation. The thermal grease under the transparent substrates was used to observe the degradation of thermal grease by the vision or IR camera [6] . The acoustics imaging of the CSAM (C-mode Scanning Acoustic Microscopy) technology was used to observe the degradation phenomena of thermal grease, such as the voids, pump-out, and the separation [7] - [11] . Another method is to calculate the thermal resistance of the thermal grease to evaluate the degradation. The laser flash method for thermal measurement of the grease was also reported [12] - [14] . It measures the thermal diffusivity of the grease and transformed to the thermal resistance. The ASTM D5470 method obtains the thermal conductivity of the grease and calculates the thermal resistance [15] . These methods monitor the thermal grease offline by the testing equipment, which are mostly applied to evaluate the performance of the different grease with different stress tests.
The online methods to monitor the thermal grease are fewer. Among them, one is to place the thermocouples on the surface of the IGBT baseplate and the heatsink to measure the temperature differences and to calculate the thermal resistance of the thermal grease layer [16] . In [17] , the temperature difference of thermal grease layer is measured by IR thermometer to obtain the thermal resistance. These methods are based on the equation R th = (T 2 − T 1 )/P loss , which means the temperature difference and the power loss need to be measured at the same time, while the real-time power loss is difficult to obtain due to the continued variation of the operating voltage and current of IGBT, so the accuracy will be a great challenge [18] .
For the heatsink and the cooling fan, not many studies were reported to focus on their degradation monitor. Mostly by measuring the temperature difference between the surface of the heat sink and the ambient temperature, the power loss of the device, the thermal resistance of the heat sink layer is worked out [2] . This method was similar with the above method of the grease monitor, which will face the same problem.
From the literature mentioned above, we can find out that, except from the observation, the thermal parameters is the most common and useful indictor to monitor the degradation state of the cooling system. This paper proposes to monitor the thermal parameters of the cooling system based on the IGBT junction temperature cooling curve. The goal is to find an efficient way to reflect the degradation of the cooling system. This method measures multiple junction temperature cooling curves of IGBT module under different cooling conditions. The time constants of the cooling curve can be obtained by curve fitting technique. Based on the method developed in [19] , the parameters of Cauer thermal network can be obtained. By this method, the thermal grease layer and the heatsinks layer, in the cooling systems can be obtained at a time, with high-precision measured data and no real-time power loss measured;
On the one hand, it can monitor the thermal parameters of components in the cooling system to replace it in time when it is beyond the limit. On the other hand, it can provide thermal parameter data for the reliability performance study of thermal grease, heatsinks and the cooling fan to promote their development.
The structure of this paper is organized as follows. Section II introduces the failure mechanisms of the components in the cooling system and the degradation influences. Section III presents the detailed monitoring method. Section IV and V presents the experiment design and condition monitor experiments. Section VI discuss the implementation of the method and the last section conclude this paper. Fig.1 shows the cross-section of the installed IGBT module and its cooling system in the converter. The components of cooling system suffer from different failure mechanisms. The follow part will introduce the different failure mechanisms happened in the cooling system.
II. PROBLEM ANALYSIS A. FAILURE MECHANISMS

1) FAILURE MECHANISMS OF THE THERMAL GREASE LAYER
The thermal grease layer is installed within the heat sink and the IGBT module, to strengthen the heat conduction between the upper and bottom side.
The failure mechanism of thermal grease is divided into two categories [4] . One type is the pump-out mechanism. Due to the difference in thermal expansion coefficient between the IGBT module and the heatsinks, the distance between the two sides of the module and the heat sink becomes larger after heating, and quickly returns to the original state after cooling. The deformation of restoring generates a pressing force at both sides of the module,. The grease is squeezed out and the area of the thermal grease is reduced [20] .
The other type is the dry-out mechanism. Since the channel in the thermal grease is formed during the pressing process, the continuous thermal cycle causes the mixed fluid (oil) to be flowed out from the channel, and the air flows into the channel, resulting in the void ratio in the thermal grease increasing. At the same time, the low-viscosity substances will be lost first, the high-viscosity substances will remain, and the high volatile substances will be volatilized. Finally all these phenomena lead to the agglomeration of the thermal grease [6] .
2) FAILURE MECHANISMS OF HEATSINK LAYER
The heat sink layer include the heat sink and the cooling fan. The heat sink is the main part to dissipate the heat to the ambient and the cooling fan is installed to supply forced wind to accelerate the heat dissipation.
The heat sink is usually formed by the aluminum alloy, which is in a simple structure but high strength. While the cooling fan is relatively easy to be damaged. The failure of cooling fan can be roughly divided into the following three mechanisms [21] . Firstly, the coverage of a large amount of dust affects the air flow, and the second is that the auxiliary power failure causes the fan to stop running and loses heat dissipation capability. The third is the failure of the fan parts such as bearings and blades due to poor lubrication, mechanical fatigue damage or external impact. 
3) FAILURE INFLUENCE
The aging of the heatsink, cooling fan and thermal grease will adversely affect the heat transfer and heat dissipation performance of the entire power converter. The degradation of the heat dissipation system is manifested in the increase of thermal resistance [4] . In the whole system, any increase in thermal resistance will affect the heat transfer path, which will eventually lead to an increase in the operating junction temperature of the IGBT module. As showed in Fig. 2 , the simulation of the junction temperature in condition of different degradation state of the cooling system shows that the increased temperature will reach so much. Then the longterm increased junction temperature will generate the bad impact on the performance and service life of the power converter [22] , [23] .
B. THERMAL ANALYSIS
In the system, the most heat generated from the IGBT chips will flow vertically to the cooling system. Based on the theory of heat transfer, the one-dimension RC-Cauer thermal network model can be used to represent the heat flow path.
According to the electrical-thermal analogy [24] , the thermal resistance in the Cauer thermal network model is corresponding to the resistance, while temperature and heat flux is corresponding to the voltage and current in electrical circuit respectively. Hence the thermal resistance in the Cauer thermal network model will display the ability of thermal conductivity, which the lower value means better heat transfer ability.
In the thermal network model, the order will play an important role to show the detailed information of the whole system. The more order means more detailed thermal information with more calculation, while the lower order is on the contrary. To balance the calculation and information, the 1-D 4 th -order Cauer thermal model is the most suitable, as showed in Fig 3 [25] . In the literature [25] , it compares the thermal network parameters obtained by the thermal response curve with the thermal network parameters calculated according to the package material information and the Cauer network definition, and then subdivides the layers to correspond to the different order of the 4 th -order thermal network model.
The detailed information is that the thermal resistance R 1 and R 2 is mainly related to IGBT module, the thermal resistance R 3 is mainly related to the thermal grease layer and the thermal resistance R 4 is mostly related to the heatsinks layer [25] - [28] .
In the 4 th -order Cauer model, the thermal resistance of cooling system is distinguished from the IGBT module, while the thermal grease layer and heat sink layer is separated, too. So to estimate the heat transfer ability of the cooling system, to monitor the degradation state of the cooling system, the thermal resistance R 3 and R 4 should be obtained, as the indicator.
As an indicator, a criterion that has been used to define the failures is a +20% increment of thermal resistance [23] . So to monitor the degradation state of cooling system. The change rate of their thermal resistance is target of the method.
III. METHOD DESCRIPTION
The flow chart of the method is shown in Fig.4 .
Firstly, in the method, the junction-to-ambient temperature cooling curves in first cooling conditions are acquired, which can be expressed in the form of several exponential terms with different time constants and magnitudes. Generally, in consideration of the difficulty and precision of the followed calculation, we can use the 4 th -order form, as (1) shows.
In this equation, the time constants are related to the RC thermal parameters in the Cauer thermal network model of the SiC MOSFET device and the coefficients α i is related to initial temperature. The equation (1) can be transferred as expression in the Laplace domain by polynomial multiplication (2):
Among (2), − 1 τ i is the roots of denominator, which have the relationship as equations (3):
Also, the denominator of equation (2) can be inverse Laplace transform to the equation (4).
While at the same time, in the Cauer network model of the system, according to Kirchhoff's law, the 4 th -order differential equation can be obtained as same as equation (4), in which the RC parameters is related to the coefficient q 0 , q 1 , q 2 , q 3 , as equations (5), as shown at the bottom of this page.
By combining (3) and (5), the relationship between the time constants of cooling curves and the RC parameters of Cauer model can be obtained as equation (6), as shown at the top of the next page. However, because the solution obtained from one cooling curve contains only 4 equations but 8 unknown parameters, it is impossible to solve out the equations through the current solution.
In the Cauer network, R 1 -R 3 , C 1 -C 3 is related to the IGBT module itself and the thermal grease layer, while R 4 , C 4 only correspond to the heatsinks [24] . So that if we changed the fan speed of the heatsinks individually, it would only influence the thermal resistance R 4 and the thermal capacity C 4 in the network. After the change of the fan speed, the RC network parameters of the new model will change to R 1 , R 2 ,
Then with the same procedure as the aforementioned, the equations of new cooling conditions of the system can be obtained as (7) , as shown at the top of the next page. So far 8 equations are obtained, but the quantity to be worked out has 10 variables that cannot be solved yet. At this point, the cooling fan speed needs to be changed again. Then a third cooling curve is added to obtain a new set of equations with eight variables of
This gives a total of 12 equations with a total of 12 variables of R 1 , (8) as shown at the bottom of the page 6. This gives a total of 12 equations with a total of 12 variables of R 1 ,
In this case, the 12 thermal network parameters in the IGBT module to be measured can be obtained by simultaneous equations, including the thermal resistance R 3 representing the thermal grease layer and thermal resistance R 4 , R 4 ', R4''' representing the heatsinks layer.
correspond to the heatsinks of the three different certain wind speeds respectively, so analyzing thermal resistance R 4 alone can satisfy the need already. So far, this is the detailed description of the method. Through the method, the thermal resistance R 3 and R 4 in the Cauer network model can be obtained to be the indicator of degradation state monitoring.
IV. EXPERIMENT AND RESULTS
The previous section is about the detailed description of the method. Through the method, the thermal resistance R 3 and R 4 in the Cauer network model can be obtained to be the indicator of degradation state monitoring. In this section, some experiment will be designed and inducted to prove the feasibility of the method.
A. PRE-CALIBRATION
In this paper, we chose Starpower IGBT GD50HFL120C1S as the device under test. Then a series of experiment would be performed on this IGBT module.
When modules are working, the chips cannot be directly contacted due to complete package. So that the measurement of collector to emitter saturation voltage drop which is relatively easy, will replace the junction temperature measurement [29] . Before the experiment begins, the equivalence relationship between the saturation voltage and the junction temperature of the IGBT module under test should be obtained through a preliminary calibration experiment.
In the calibration experiment, the DUT (Device under test) was placed and heated in an oven with a small current of 100mA passing through. Every time the temperature changed and reach the steady state, the junction temperature of DUT would equal to the temperature of the oven inside. Then measure and record the saturation voltage of DUT with 100mA current through. At last the curve of junction temperature and corresponding saturation voltage drop was obtained, as Fig. 5 shows. The relation expression between In the experiment, the IGBT module was installed in the heatsink by bolting, with the thermal grease sandwiched. The variable-speed fan mounted on the heatsink was applied to change the cooling conditions. The main schematic and picture of the experiment is showed in Fig. 6 . The DUT had its own drive circuit. Two current sources were connected in parallel on the main circuit. One is the measurement current source and another one is the heat current source. The measurement current source output current was 100 mA and it maintained the output throughout the experiment. The current of the heat current source was 50 A, controlled by the switch S 1 . S 2 is installed in parallel with DUT which is controlled by the pulse square wave so as to influence the power injected into the DUT to simulate the variable injected power. The diode D 1 was used to prevent the heating current from flowing back to the measurement current source. The saturation voltage drop of IGBT would be acquired through the NI's PCIe-6351 data acquisition module (DAQ) device, whose sampling rate is 10k Hz. Then data were processed using Labview and Matlab.
2) EXPERIMENT PROCESS
The experimental process is described as follows. 1) Set the fan speed to FS1 and measure the output currents of the current source and the heating current source; 2) Turn on S 1 to introduce the heating current into the IGBT for heating. S 2 is turned on and off periodically to make the junction temperature of IGBT fluctuate. The junction temperature curve is shown in Fig.7 . 3) After heating for a certain period of time, disconnect S 1 and S 2 and start data acquisition; 4) When the junction temperature reaches to the steady state and stays the same as the ambient temperature, terminate the data acquisition. The cooling curve of the temperature difference between the junction temperature and the ambient temperature is obtained, as Fig.8 shows; 5) Set the fan speed to FS2, repeat steps 2)-4) and obtain the cooling curve data under the wind speed FS2; 6) Set the fan speed to FS3, repeat steps 2)-4) and obtain the cooling curve data under the wind speed FS3; 7) Obtain the time constants of three different junction temperature cooling curves by curve fitting. 8) Transform the time constants into the Cauer thermal network parameters by the equation 6)-8). 
3) EXPERIMENT RESULTS AND VERIFICATION
Follow the experiment process, the Cauer thermal network parameters can be obtained at last. Firstly, the healthy state of the cooling system is under test. The experiment result is shown in the Tab. 1.
In order to verify that the results. The measurement results will be compared with the results measured by other methods. Firstly, according to the test method requirements of the JEDEC standard [30] , the module was heated to a thermalequilibrium state by the constant current. Then the power loss at this time was measured through measuring the current and voltage, and the junction temperature and ambient temperature was measure. According the equation (9), with the power, ambient temperature and the junction temperature in the thermal-equilibrium state, the total junction-to-ambient thermal resistance was obtained. Then total junction-to-ambient thermal resistance of the method in this paper could be gained by superimposing the thermal resistance of different order measured by the method in this paper. Comparing these two total junction-to-ambient thermal resistance, the result is shown in Tab. 2.
It can be seen that the error between the method in this paper and the JEDEC standard method were all less than 3%. The junction-to-ambient thermal resistance measured by the methods is basically the same.
Next, compare the estimated junction temperature calculated from the Cauer thermal network parameters of DUT with the junction temperature measured with an infrared thermometer, as Fig. 9 shows. It can be found that the estimated junction temperature is basically the same as the actual measured junction temperature, which indicated that the calculated Cauer thermal network parameters were authentic, thus verifying the feasibility and the reliability of the method.
V. DEGRADATION SIMULATION AND CONDITION MONITOR EXPERIMENT
As mentioned previously, the components of the cooling system will suffer from different failure mechanism. To verify the significance of the method, the degradation of different components in the cooling system is simulated and the method will be applied to monitor these degradation.
A. THERMAL GREASE LAYER
Two kinds of failure mechanisms may happen in the service life of the thermal grease. They are the pump-out and the dryout mechanism.
In the pump-out phenomenon, the edge of the thermal grease is squeeze out due to the different CTE of the heatsink and baseplate of IGBT. So that the covering area of the thermal grease between the IGBT module and the heatsink is decreased. So as to simulate the pump-out failure, the covering area of the same thermal grease is decreased, as shown in Fig. 10 . The experiment was carried out on the IGBT with thermal grease of different covering area. The thermal parameters corresponding to different pump-out failure are shown in Table 3 . It can be seen from Table 3 that thermal resistance R 3 , which referred to the thermal grease layer, increases along with the decrease of the covering area. Other thermal parameters remain roughly unchanged. This result indicates that the degree of degradation of the grease layer increases as the corresponding thermal resistance R 3 also increases. To be noticed, the change rate of the thermalR 3 resistance with different covering area is 28.23% and 48.77% respectively. The dry-out failure happened due to the different properties of the mixture in the thermal grease, which results in the appearance of the air void and the weakness of the thermal conductivity. So the dry-out failure was simulated by applied the thermal grease of different thermal conductivity coefficients from the same company with the same covering area.
The thermal parameters corresponding to different dry-out failure are shown in Table 4 . It is observed from Table 4 that, as the thermal conductivity coefficient increases, the thermal resistance R 3 decreases. Other thermal parameters do not show significant changes. This result may indicate that, as the thermal conductivity of thermal grease decreases, the degree of degradation of the grease layer increases. This phenomenon is reflected from the rising of the thermal resistance R 3 . And the change rate of the thermalR 3 resistance with different lower thermal conductivity is −4.41% and −8.82% respectively.
However, the two types of failure mechanisms happened at the same time, which will both lead to the increase of the thermal parameters. So the thermal parameters are able to point out the occurrence of failure, but not able to figure which failure happened.
B. HEATSINK LAYER
In the heat sink layer, the degradation may happen in both the heatsink and the cooling fan. The degradation of the heatsink will take longer time than the cooling fan. So in this paper, only the degradation of the cooling fan is discussed.
The degradation of the cooling fan is induced by several factors, such as the dust accumulation, the bearing failure, blade fracture and so on. As the cooling fan degraded, the wind speed or the heat transfer ability will be weaken, which will not meet the expected demand of the heat sink layer. So to simulate the degradation of the cooling fan, the experiment was carried out on different sets of wind speed.
In these sets of the wind speed, the operating voltage of the cooling fan is set lower than the healthy set, while the PWM and injected current is still the same. As a result, the different set of fan speed in the simulated cooling fan degradation is shown in Table 5 . The thermal parameters corresponding to the cooling fan failure are shown in Table 6 .
From the result, we can see that, as the set of wind speed is getting weaker, the corresponding thermal resistance R 4 , R 4 ', R 4 '' of heatsinks layer was getting larger, with other thermal network parameters remaining unchanged basically. It can be found that with the degradation of the cooling fan getting more serious, the corresponding thermal resistance R 4 , R 4 ', R 4 '' in the network would getting larger.
Because the thermal resistance R 4 , R 4 ', R 4 '' in the network shows the same change trend in the simulated degradation experiments, thermal resistance R 4 alone is able to indicate the degradation of the heatsink layer. And the change rate of the thermalR 4 resistance with lower wind speed is 14.55% and 31.82% respectively. 
C. RESULTS VERIFICATION
To verify the results of the degradation simulation experiments, the similar verification procedure of the results is conducted by comparison of the junction temperature between the IR measured and parameters estimation, which is shown in Fig. 11 . It can be seen from Fig. 11 that the calculated thermal parameters generates the junction temperature matching well with the actual junction temperature. This demonstrates the accuracy of R 3 , R 4 and the calculated thermal parameters.
D. RESULTS ANALYSIS
In the previous, the method of this paper is applied to the experiments of cooling system with different simulated degradation. In the experiments, the obtained thermal resistance of the cooling system from the method is capable to display the degradation of different layers in the cooling system, by comparing the change with the healthy state. These results shows the ability of thermal resistance change rate obtained by the method to be an indicator of the failure in the cooling system.
Actually, through the method, the change regularity of the thermal resistance and degradation state haven't been found yet. In the degradation simulation experiments, the change rate of the corresponding thermal resistance increases with the severity of component aging. As the criterion of 20%+ increment of thermal resistance to define the failure, the 10%-20% increment of the thermal resistance is in the warning state, which cannot be overlooked.
Hence, to implement the method to monitor the degradation of the cooling system, the change rate of thermal resistance is the most important, which can reflect the degradation state of the different layer in the cooling system. 
VI. IMPLEMENTATION A. ADVANTAGE
The method in this paper is able to monitor the degradation state of cooling system by the thermal parameters. In the method, the thermal grease layer and the heat sink layer of the cooling system can be identified respectively at a time with high precision.
An advantage of this paper is no need of thermalequilibrium state. Although the measurement of the junction temperature should be carried out in the shut-down period, the beginning of the data acquisition can be any time in the heating period. In the experiments of this paper, the injected power and the heating time is regulated in the same time to control the variable. In practice, the heating time and power losses make no influence on the obtained thermal parameters by the method in this paper [19] . So that the method application condition is fewer than the traditional standard method. What's more, with the help of another advantage of the method, the power loss measurement is simplified.
Thanks to the advantages, the method can be applied in the complete converter. To apply the method in the complete converter, the only intrusive device of the method is the small current source, which provide the 100mA current to assist the measurement of the saturation voltage of the IGBT. Hence the DUT can be tested without being taken down.
These thermal network parameters of the cooling system obtained by the method can be collected for a long service time in the converter. In the short term, it can aid the maintenance of the cooling system in the converter. Over the long haul, the method will help a lot for improvement of the components design and converters performance in service.
B. IMPLEMENTATION PROCESS
Brief description on the implementation of the proposed method is given as follows. First, the small current resource is installed as the single power supply. Second, in the routine pause, IGBT is shut-off and cooled down until the temperature reach the ambient temperature. At this moment, set the fan speed to FS1 condition and measure the junction temperature of IGBT through the saturation voltage. Then, at the subsequent shut-off period, follow the same procedure to measure the second and third junction temperature cooling curves in the cooling conditions FS2 and FS3. Finally, we calculate the thermal parameters of the cooling system using the obtained cooling curves.
C. APPLICATION LIMITATION
However, the method still got its application limitation.
Firstly, from the application object, because the method should be carried out in the shut-down period, the application should be limited in the converter with shut-down plan in the service life, such as the wind turbine and PV.
Secondly, the method is discussed and restricted about the forced-air cooling method. For the liquid cooling and more advanced cooling method, the details may be different.
Thirdly, the added small current may complicate the internal layout of the converter, with the single power supply to discharge the small measurement current in the shut-down period of the converter.
Finally, the 3 cooling curves under three different cooling condition is needed, which means the cooling condition should be able to be adjusted. These may enhance the difficulty of the method application.
VII. CONCLUSION
This paper proposes a method to monitor the thermal network parameters of the cooling system in the power converters. The proposed method can be carried out during the normal shut-off operation in the working process, and the IGBT does not need to be heated up to the thermal equilibrium. The method calculates the thermal network of the IGBT module by the junction temperature cooling curves and uses the thermal network parameters to reflect the degradation states of the cooling system. Experimental results demonstrate that the proposed method can monitor the thermal network parameters of the cooling system in different degradation states. The study found that as degradation of the cooling system becomes severe, the deviation of thermal network parameters from the healthy one gets wider. The proposed method enables not only the degradation monitoring of the cooling system, but also provides data to the manufacturer for design improvement.
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